Introduction
It is not uncommon the use of biosensor approach to study the binding kinetics of lectins, which is specially performed by means of optical biosensors (Aucouturier et al. 1987 (Aucouturier et al. , 1988 Bourne et al. 2002; Cle et al. 2008; Che et al. 2010) . Nowadays, a mass-sensitive biosensor based on a piezoelectric quartz crystal resonator, a technique known as quartz crystal microbalance (QCM), is alternatively well used to evaluate biomolecular recognition. Many important recognition events can be deeply comprehended by observing the associated mass-sensitive biosensors (Fang et al. 2009 ) so that QCM offers a lot of advantage even over the SPR technique (Aucouturier et al. 1987) , specially due to the fact of its markedly simple and low-cost instrumentation (Furtado et al. 2004) , with equivalent sensitivity and selectivity (Grant et al. 2008) . Therefore, QCM has attracted considerable attention in the study of different biomolecular events, albeit only few works were devoted specifically to study lectin-binding affinity and kinetics (Hortin and Trimpe 1990; Hook et al. 1998; Houlès Astoul et al. 2002; Iwasaki et al. 2003) .
Lectin-carbohydrate interactions are important because they mediate many types of cell-cell and cell-environment interactions that account for physiological and pathological processes such as activation of immune cells, cell differentiation and proliferation, modulation of apoptotic signals, host-parasite interaction, cancer metastasizing. Although originally isolated from plants, it is known that lectins occur ubiquitously in nature, being found in all kinds of organisms, from viruses to humans. Plant lectins are readily available proteins used widely as tools for the study of simple and complex glycans. Among plant lectins, jacalin, extracted from seeds of Artocarpus heterophyllus, has attracted considerable attention because of its ability to selectively bind human IgA 1 (Kabir 1998; Jeyaprakash et al. 2005; Karamanska et al. 2008) . Such binding is attributed to the lectin-specific recognition of the disaccharide galactose (β1,3) N-acetylgalactosamine, which is the most common core of O-linked glycans. In the IgA 1 molecule, O-linked glycans are found in the hinge region of the heavy chain. The hinge region contains at least six O-linked glycans (Kondoh et al. 1986 ), which are constituted of N-acetylgalactosamine (GalNAc) in O-linkage with serine or threonine. This core GalNAc is further extended with galactose (Gal) in the β1,3 configuration, and one or two sialic acid units, in α2,6 and/or α2,3 configuration (Larson et al. 1980) . Concerning the IgA 2 molecule, it has no hinge region and does not carry O-linked glycans; this feature explains the IgA 2 inability to bind jacalin. Indeed, jacalin conjugated to agarose is a useful tool to isolate for IgA 1 and many other O-linked glycoproteins (Lebed et al. 2006) .
Immunoglobulins (Ig) from few species, beyond human, are known as able to bound jacalin. This is the case of a restrict population of rabbit IgG (Linman et al. 2008 ) and bovine IgG 1 (Pedroso et al. 2008) , both supposed (but not demonstrated) to be O-glycosylated. Concerning the IgG 1 molecules, isolated from bovine colostrum through affinity chromatography on jacalin-agarose, there is a clear demonstration of its higher resistance to peptic digestion, attributable to the molecule O-glycosylation (Lebed et al. 2006) .
The main purpose of the present work is to characterize the interaction of jacalin with human IgA 1 and bovine IgG 1 structures. The jacalin-human IgA 1 and jacalin-bovine IgG 1 interactions were analyzed by the piezoelectric biosensoring approach, a mass-sensitive technique, to determine the apparent affinity constant of the interaction. The comparison of the affinities between human IgA 1 and IgA 2 was also analyzed by the same methodology.
Results and discussion
The jacalin functionalized quartz crystal was placed in the Q-SENSE cell under a continuous PBS flux until the frequency signal stabilized. The minimum ( precision signal detection of the system) and the maximum (saturation of the surface) detectable signals of human IgA 1 , human IgA 2 and bovine IgG 1 with the jacalin functionalized quartz crystal were examined by sweeping the human IgA 1 , human IgA 2 and bovine IgG 1 concentrations. The real-time binding study involved adding different concentrations of these Igs to the functionalized electrode containing jacalin.
The real-time frequency response curves of human IgA 1 , human IgA 2 and bovine IgG 1 concentrations (not shown herein) were monitored similarly to the methodology described in reference (Hook et al. 1998; Pesquero et al. 2010) . From Hook et al. (1998) , it should be noted that the decrease in frequency should be ascribed mainly to the mass increase resulting from binding. Although the Sauerbrey equation cannot strictly be used to describe the relationship between Δf 0 (frequency shift) and Δm (mass shift) when the sensor is a liquid, there is a positive relevance between these two parameters and it is reasonable to assume that Δm is proportional to Δf 0 [in fact, the ΔD/Δf value (6 × 10
) is smaller than the predicted value (0.2 × 10 −6 Hz −1
) as the highest limit to apply the Sauerbrey equation (Mao et al. 2002) ].
The injection of each Ig into the cell caused the crystal frequency to decrease, indicating their binding to jacalin immobilized on the transducer surface. When the PBS fluxes started, the resonant frequency increased, and the difference between the original and final steady-state values corresponded to the frequency shift (Δf ) due to binding of IgAs and IgG 1 with jacalin, without the contribution of non-specific interactions (Hook et al. 1998; Pesquero et al. 2010) . Therefore, the analytical curves of frequency variation (Δf ) as a function of human IgA 1 and human IgA 2 concentrations were constructed and shown in Figure 1 .
The kinetic model for interaction of Igs with immobilized jacalin on the piezoelectric transducer is similar to that used in reference (Hook et al. 1998) . This simple kinetic model is (Moore et al. 2007; Nilsson 2007): free Jacalin site
in which [·] s and [·] l indicate the concentration on the surface of the piezoelectric sensor and in solution, respectively. k 1 and k −1 are, respectively, the binding and dissociation rate constants. It is important to comment that to ensure the above condition for the kinetic model, it was designed a piezoelectric quartz crystal functionalized surface strategically to satisfy the model's boundary condition (Hook et al. 1998) . Therefore, to ensure that a critical point related to the rigidity of the protein layer and the interactivity of each unit would be reached, a homogeneous self-assembled monolayer was constructed, as described in the experimental section, consisting of two alkanethiols, i.e. MUA and 2-mercaptoetanol in a proportion of 1:100,000, respectively. The MUA was used for lectin binding and immobilization on the transducer surface by means of the amine group present in the lectin structure with the carboxyl group present in the MUA. Thus, the 2-mercaptoetanol served as a spacing layer, i.e. to space the immobilized lectin molecules. Due to the amount of 1:100,000, it can be seen that the transducer's functional surface provided a sufficient distance (very thin surface coating) between similar units of Igs binding on the transducer surface to prevent cross-interaction between Ig molecules, thus increasing the possibility of rigidity and homogeneous binding energy (Langmuir boundary contour). Furthermore, it is known that the lectin-glycoprotein interaction is reversible and kinetically rapid, allowing mass transport to be neglected. Finally, considering the kinetic model of Eq.
(1) and the validity of the boundary conditions established previously, the apparent affinity constant was calculated by means of (Hook et al. 1998; Pesquero et al. 2010 ):
where Δf 0 and Δf max are the frequency changes at time t and t → ∞, respectively. This equation can be considered the piezoelectric response model during binding and can be used to describe the kinetics of the binding process (Hook et al. 1998; Pesquero et al. 2010 Regarding K a values for jacalin-human IgA 1 , it was found to be about eight times higher compared with jacalin-human IgA 2 (Table I ). This result is consistent with the fact that IgA 1 , but not IgA 2 , is O-glycosylated and the previous report that IgA 1 and IgA 2 can be easily separated by affinity chromatography on the jacalin-agarose column (Kondoh et al. 1986) . Although jacalin and jacalin-related lectins are considered heterogeneous with respect to carbohydrate-binding specificity, our results herein support the studies of crystal structures of jacalin-sugar complexes, which indicate that jacalin is specific to O-glycans, whereas its affinity to N-glycans is extremely weak or non-existent (O'Sullivan and Guilbault 1999; Pedroso et al. 2008) .
Indeed, as already mentioned, the jacalin binding to human IgA 1 is mainly due to the recognition of O-glycans associated with the hinge region, localized between the CH 2 and the CH 3 domains of each IgA 1 heavy chain (α 1 ). The hinge region is made up of 17 amino acids, of which at least five are O-linked glycosylation sites, as schematically represented in Figure 3 . The figure also shows that the human IgA 2 heavy chain (α2) contains no hinge region, a segment that was deleted in the IgA 2 gene. Without a hinge region, the IgA 2 molecule has no O-glycans and, as a consequence, does not contain the Gal-β1,3-GalNAc disaccharide, for which jacalin exhibits high affinity (Porto et al. 2007; Pesquero et al. 2010) .
The low, but not inexistent, jacalin affinity for human IgA 2 has no obvious explanation, but is in agreement with controversial observations that N-glycosylated proteins can weak interact with jacalin-agarose columns through D-mannose recognition (Roque-Barreira and Campos-Neto 1985) . It was reinforced by an investigation involving surface plasmon resonance and the X-ray analysis of a jacalin complex with a methyl-α-mannose complex, which had led to a suggestion of promiscuity in the lectin's sugar specificity (Tarelli et al. 2004) . Jeyaprakash et al. (2005) have explored this suggestion further, through isothermal titration calorimetric and crystallographic studies on the jacalin interaction with several monoand oligosaccharides of biological relevance. The authors have provided convincing explanations for the energetics of MM Pedroso et al. binding in terms of interactions at the jacalin primary binding site and secondary site, and strong evidences of the jacalin specificity to O-glycans, whereas its affinity to N-glycans was demonstrated to be extremely weak or non-existent.
It is important to note that the apparent affinity constant obtained for the jacalin-bovine IgG 1 interaction is very high, with magnitude even higher comparatively with the jacalinhuman IgA 1 interaction. This high affinity observed for the jacalin-bovine IgG 1 interaction may be attributed to the hypothetical presence of O-glycans in the hinge region of the bovine IgG 1 structure, similar to the human IgA 1 hinge region. It was already argued by Porto et al. (2007) when reporting that IgG 1 of bovine colostrum is retained in the jacalin-agarose column (Wu et al. 2003) . The absence of information on the bovine IgG 1 sugar structure does not allow discussing the reasons for the higher jacalin affinity to bovine IgG 1 , in comparison to human IgA 1 . In a functional point of view, the presence of O-glycans in both, human IgA 1 and bovine IgG 1 is rational because they are the prominent Igs in secretions and, as such, they must be protected against enzymatic digestion that abound in the lumen of organs such as the gastrointestinal tract. In this way, the jacalin-bound bovine IgG 1 was demonstrated by Porto et al. to be more resistant to peptic digestion than the colostral Igs that were not bound to jacalin-agarose. Considering the high affinity of jacalin-bovine IgG 1 and jacalin-human IgA 1 interactions, whose magnitude were herein determinate by electrogravimetric analysis, the present work provides rational basis for the useful procedures of human IgA 1 and bovine IgG 1 isolation through affinity chromatography on the jacalin-agarose column.
Conclusions
Summarizing, the present work demonstrate that the QCM technique is a convenient tool for the real-time investigation of specific interactions between lectins and ligands, mainly if the strategy for protein immobilization used is appropriated. The electrogravimetric methodology used herein was able to accurately characterize the specific jacalin-human IgA 1 and the jacalin-bovine IgG 1 interactions, as well as the marginal jacalin-human IgA 2 interaction. The differences found between human IgA 1 -and bovine IgG 1 -jacalin interactions cannot be clearly explained because bovine IgG 1 sugar structure is not known, while the differences found between human IgA 1 and IgA 2 interactions with jacalin were attributed mainly to the O-glycans of the IgA 1 hinge region that do not exist in IgA 2 .
Experimental procedure Reagents and solutions
The jacalin preparation used in this work was extracted from the seeds of Artocarpus integrifolia and isolated by affinity to immobilized D-Gal (Hortin and Trimpe 1990) . IgA 1 from human colostrum and IgG 1 from cattle colostrum were used as jacalin ligands. Both Igs contain O-glycans recognizable by jacalin .
All the solutions used in the analytical procedures were prepared with Milli-Q purified water (Millipore System, Bedford, MA) with 18 MΩ. All reagents used in the experiments were of analytical grade. The 11-mecaptoundecanoic acid (MUA; Sigma), 2-mercaptoethanol (Sigma), N-ethyl-N-(dimethylamino propyl) carbodiimide (EDC; Fluka) and N-hydroxysuccinimide (NHS; Sigma) were employed in the process of protein immobilization. The jacalin solutions were prepared and used in 0.10 M phosphate-buffered solution (PBS), pH 7. Finally, gelatin (Sigma) was used after the protein immobilization to react with the reminiscent carboxyl group.
Apparatus
The quartz used was 16 mm in diameter, AT-cut, and had a fundamental frequency of 5 MHz with gold electrodes (Yakovleva et al. 2010) .
Affinity constant of jacalin interaction with immunoglobulins
( polished quartz crystals provided by Q-SENSE company with gold electrodes). Prior to the experiments, the quartz electrode surface was cleaned with a solution of freshly prepared 7:3 H 2 SO 4 (conc.): H 2 O 2 30% v/v, rinsed with water and dried in air. The crystal was then placed in a Q-SENSE cell with one face in contact with the solution and the other exposed to air. The measurements were performed in a Q-SENSE E4 QCM system, using an ISMATEC IPC peristaltic pump with a controlled constant flow of 200 μL min −1
.
Lectin immobilization methodology
The methodology employed for lectin immobilization was based on multilayer assembly on the gold surface of a piezoelectric transducer quartz crystal. The cleaned piezoelectric quartz crystal was incubated for 3 h in a solution containing 1.0 × 10 −4 mol L −1 MUA and 10 mol L −1 of 2-mercaptoetanol in ethanol as a solvent. The crystal was then washed with ethanol and PBS. After this, the quartz crystal was incubated for 2 h in EDC/NHS solution 1.0 × 10 −2 and 2.0 × 10 −2 mol L −1 , respectively, after which it was washed with PBS. Finally, the quartz crystal was exposed to the lectin solutions for 2 h and then rinsed with PBS. To block residual carboxylic groups, the lectin-modified crystal surface was exposed to a gelatin solution at 0.001% w/v for 2 h and washed with PBS. 
